INTRODUCTION
Methylation of cytosine residues (mostly at CpG islands, CpG dinucleotides clustered in regulatory regions of tissue-and development-specific genes) represents a key mechanism of postmitotic, epigenetically fixed but dynamic gene inactivation in normal cells [1, 2] . In hematopoietic development, this had first been demonstrated for erythropoiesis [3] , later also for lymphoid [4] and myeloid differentiation [5, 6] . In recent years, aberrant methylation also of bona fide tumor suppressor and growth-regulatory genes has been recognized as the most frequent alteration both in hematologic neoplasms and solid tumors [7] . For instance, in acute leukemias, two genes encoding inhibitors of cyclin-dependent kinases 4 and 6, i.e., p15/ INK4B and p16/INK4A, are equally inactivated by DNA methylation as by genetic events [8] . Transcription of these genes is associated with 5Ј demethylation and "open" chromatin in the presence of a methylated exonic CpG island (thus being permissive for transcription) [9] .
Cytosine methylation is inversely correlated with gene transcription in most CpG-rich promoters. This state is functionally linked to a "closed," inactive chromatin structure, which, in turn, is mediated by local chromatin remodeling [10] . These different levels of epigenetic control of transcription are maintained by the physical interaction of different classes of proteins: MeCP (methylated CpG binding protein) 2 recruits histone deacetylases (HDACs) to stretches of densely methylated cytosine [11] ; the Mi-2 protein also links DNA methylation, chromatin remodeling, and histone deacetylation [12] .
Lysozyme (LZM, EC 3.2.1.17) is a secretory protein of 14.6 kDa mainly expressed in glandular epithelial cells and in the myelomonocytic lineage, representing 2.5% of the total cellular protein in mature granulocytes and macrophages [13, 14] . LZM is an enzyme that acts in nonspecific humoral immunity by disintegrating bacterial cell walls. LZM is located on chromosome 12 and is composed of four exons and three introns covering 5856 bp [15] . Functional promoter activity is attributed to the 3.5 kb 5Ј region [16] .
DNA methylation of LZM and its murine ortholog/homolog is tightly regulated during (normal) myeloid cell differentiation [17, 18] . However, LZM expression is variable in primary AML blasts [19, 20] , and control of its regulation at this early differentiation step of neoplastic cells is only poorly understood.
We have previously demonstrated methylation changes within the LZM during normal myeloid cell differentiation toward monocytes, macrophages, and granulocytes, and in primary AML cells and cell lines [18, 20, 21] . Although several CpG sites were completely methylated in normal nonmyeloid cells, demethylation of a single CpG site within the 5Ј LZM region was tightly coupled to its expression in differentiating myeloid precursor cells, with a complete demethylation in mature phagocytic blood cells (highest expression of LZM). In acute leukemias, a monocytic phenotype (AML of FAB subtypes M4, M5) is associated with LZM expression and partial gene demethylation, whereas in AML with partial myeloblastic maturation (FAB M2), less than 50% of the leukemias exhibited detectable levels of LZM mRNA [20] .
We now extended these methylation studies of the human LZM gene to other myeloid cell lines and to a broad range of CpG sites using bisulfite-based approaches. To functionally address the role of epigenetic LZM gene repression, we investigated whether epigenetic states and epigenetically mediated transcriptional control were reversible by inhibitors of DNA methylation (5-aza-2'-deoxycytidine, 5-azaCdR) and histone deacetylation (trichostatin A, TSA). Finally, we provide evidence that the AML1/ETO leukemia-specific fusion protein is functionally involved in repressing the LZM gene.
MATERIALS AND METHODS

Cells and tissue culture
Peripheral blood lymphocytes, granulocytes, and monocytes were isolated from heparinized blood of healthy volunteers, as described [20] . All cell lines were obtained from DSMZ (German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany).
Kasumi-1 (established from a patient with AML-M2 carrying the t(8;21)-positive cell line) was cultured in RPMI 1640 (GIBCO, Karlsruhe, Germany) supplemented with 15% (first few days after thawing 20%) heat-inactivated FBS. HL-60. KG-1, NB-4, and U-937 were grown in RPMI 1640 with 10% FBS. Medium additionally contained 1 mM sodium pyruvate and 100 U/ml penicillin-streptomycin. Cells were incubated at 37°C in a humidified atmosphere containing 5% CO 2 . Cell growth and viability were determined by trypan blue exclusion (final concentration 0,08%). Cell morphology was examined in cytospins using Pappenheim staining. Transfections of Kasumi-1 cells (kindly provided by PD Dr. Olaf Heidenreich, Tü bingen, Germany) were performed by electroporation (with siRNAs against AML1/ETO), as described previously [22] .
Drug treatment
Cells were treated with increasing concentrations (10-1000 nM) of 5-aza-2'-deoxycytidine (Sigma, Taufkirchen, Germany). 5-aza-2'-deoxycytidine (5-azaCdR, 5-aza) was dissolved in PBS (GIBCO). The compound was added in sequential pulses of 24 h duration. Treatment with TSA (Sigma) was initially performed with concentrations ranging from 10-5,000 nM. TSA was dissolved in ethanol. For subsequent experiments, concentrations of 200 nM were used for 72 h. All trans-retinoic acid (ATRA, Sigma) was dissolved in ethanol to a final concentration of 1 M. MS-275 (kindly provided by Schering AG, Berlin, Germany) was used at a final concentration of 100 nM. Combination experiments of both drugs were performed using different schedules of 72 h (3 ϫ 24 h) 5-azaCdR pre-treatment (25, 50, 100 nM), complemented or followed by additional 36-72 h TSA treatment (50, 100, 200 nM).
Methylation-sensitive restriction analysis by PCR
Genomic DNA was isolated from 1-5ϫ10 7 cells by standard procedures. DNA was digested for 12 h using either SmaI or MspI (both New England Biolabs, Frankfurt, Germany).
For PCR, LZM 5Ј flanking region-specific primers LZM1/LZM2 were designed (LZM1: GGA AAG GGG AGG CAA AGT ATT GTG, LZM2: CAT GTG CCT GTT GTC TTA ATG GGT G) flanking SmaI restriction site S 1 . Confirmation of SmaI restriction site S3 in exon 4 was performed by specific primers LZM3/LZM4 (LZM3: TCC GTC AGT ATG TTC AAG GTT G, LZM4: CTA ACA CGG TGA AAC CCT GTC). The total reaction volume contained ϳ200-ng template DNA. Samples were amplified according to standard PCR conditions (LZM 5Ј: 95°C for 5 min; 28 cycles 95°C for 30 s, 55°C for 30 s, 72°C for 1 min; 72°C for 10 min; LZM exon 4: 95°C for 5 min; 30 cycles 95°C for 30 s, 54°C for 30 s, 72°C for 1 min; 72°C for 10 min) using Taq polymerase (Perkin Elmer, Boston, MA).
DNA probes
A BamHI/RsaI restriction fragment of the pHL2 cDNA clone (kindly provided by Dr. S. Gordon [23] , Oxford, UK) was used for hybridizing procedures. This 700-bp fragment is complementary to exon 1 through the central, coding portion of exon 4 of the human lysozyme gene. The fragment of the genomic clone of the human CD34 gene, the "Sma-C" fragment of the human myeloperoxidase (MPO) cDNA, and the GAPDH cDNA fragment have been used (18) .
Methylation analysis by Southern blot analysis
Genomic DNA samples were cleaved with HindIII (New England Biolabs). After purification by ethanol precipitation, a second restriction digest was performed using either methylation-sensitive SmaI, HpaII (New England Biolabs) or methylation insensitive MspI or XmaI (New England Biolabs). Cleaved DNA was size-fractionated on 0.8% agarose gels and blotted on Hybond Nϩ nylon membranes (GE Healthcare, Freiburg, Germany). Filters were hybridized at 65°C for 16 h using probes labeled by the random prime method with [␣-32 P] dCTP. Filters were rinsed at 65°C to a final stringency of 0.1ϫ SSC and autoradiographed to X-ray films at -80°C using intensifying screens (Kodak, Stuttgart, Germany).
RNA isolation and Northern blot analysis
Total cellular RNA was extracted as described [24] and resolved on denaturing 1% formaldehyde-agarose gels. 28S and 18S rRNA were used as reference standards to verify the relative amount, integrity, and molecular size of the RNA. RNA was transferred to Hybond Nϩ nylon membranes (GE Healthcare). Hybridization was carried out as described above. Signals were quantified by densitometric calculation procedures using the image analysis software "ImageJ" (Wayne Rasband, NIH, wayne@codon.nih.gov).
Bisulfite sequencing
Bisulfite sequencing was carried out as described previously [25] . Two micrograms of HindIII-digested genomic DNA were denaturated in a volume of 20 l by incubating for 20 min at 95°C and adding 5 l 3 M NaOH. After addition of freshly prepared bisulfite-hydroquinone (12 ml 0.1 M hydroquinone, 208 ml 3.6 M sodium bisulfite) the solution was incubated for 16 h at 55°C in darkness. DNA was purified using QIAquick PCR Purification Kit according to manufacturer's advice (Qiagen, Milden, Germany). Remaining traces of sodium bisulfite were removed by treatment with 0.27 M NaOH and ethanol precipitation. CpG-rich stretches in the LZM 5Ј-region (LZM5: AAT ATG GAA AGG GGA GGT AAA GTA, LZM6: CTT TTC CAC AAA ATA AAC ATA ACA CA) and in exon 4 (LZM3: TCC GTC AGT ATG TTC AAG GTT G, LZM4: CTA ACA CGG TGA AAC CCT GTC) were amplified by PCR. PCR products were purified by gel extraction using QIAquick Gel Extraction Kit (Qiagen) and cloned into pCR4-TOPO (Invitrogen, Karlsruhe, Germany). Multiple clones were sequenced using Abi Prism (Big)Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA).
MspI protection assay
For isolation of nuclei, at least 5 ϫ 10 7 cells were incubated in hypotonic buffer (RSB, 10 mM Tris pH 7.4, 3 mM MgCl 2 , 10 mM KCl) and 0.3% NP-40 at 4°C for 5 min, as described previously [5] . Nuclei were rinsed in cold 1ϫ RSB and cleaved by MspI (New England Biolabs) in increasing activities (ranging from 0 to 800 units) for 45 min at 37°C. Digestion was terminated by proteinase K digestion. Fragmented genomic DNA was purified as described. DNA samples were digested with HindIII (New England Biolabs) and analyzed by Southern blot analysis as described above.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was essentially performed as described previously (Upstate Biotech, Lake Placid, NY; www.upstatebiotech.com/support/protocols/chips.html) using Anti acetyl-H3 (#06-599) and Anti acetyl-H4 (#06-866) antibodies (Upstate Biotech) and normal rabbit serum (Santa Cruz Biotechnology, Heidelberg, Germany) as a negative control. A shortened washing procedure was used; after antibody binding protein A-sepharose solution was pelleted by centrifugation and washed 5 times using the sequence of buffers listed below. One milliliter of buffer was used for 1 min per wash: 1st min: 0.1% SDS; 1% Triton X-100; 2 mM EDTA; 20 mM Tris-HCl, pH 8.1; 150 mM NaCl; 2nd min: 0.1% SDS; 1% Triton X-100; 2 mM EDTA; 20 mM Tris-HCl, pH 8.1; 500 mM NaCl; and 3rd to 5th min: TE, pH 8.0.
CpG-rich areas in the LZM 5Ј-region and exon 4 were amplified from immunoprecipitated fragmented genomic DNA by quantitative PCR using the primer pairs (LZM1/LZM2 and LZM3/LZM4) and analyzed by gel electrophoresis.
RESULTS
Progressive demethylation at a single cytosine located within the LZM promoter region during myeloid differentiation
Normal myeloid precursor cells expressing LZM mRNA exhibit incomplete demethylation at a SmaI site termed "S 1 " (Fig. 1A) within the 5Ј flanking region of this cytokine-inducible gene [18] . However, variable methylation of this site is found in myeloid leukemia cells [20] . This analysis was now extended to several other myeloid cell lines including Kasumi-1 and NB-4 with specific balanced chromosomal translocations resulting in the chimeric transcription factors AML1/ETO and PML/retinoic acid receptor (RAR)-␣, respectively. As shown in Fig. 1B , restriction analysis of the human LZM gene in four myeloid leukemic cell lines arrested at the late myeloblastic (HL-60, Kasumi-1), promyelocytic (NB-4), and monoblastic differentiation stage (U-937), respectively, revealed highly similar, incomplete demethylation at this SmaI site, which we previously mapped to the upstream region ϳ700 bp 5Ј of the transcriptional start site.
To confirm and extend mapping of this differentially methylated restriction site, first a semiquantitative PCR-based restriction assay was performed on genomic DNA from Kasumi-1, HL-60, U-937 cells, and normal monocytes. In case of complete digestion at the restriction site of interest (either because of use of a methylation-insensitive isoschizomer enzyme or because a methylation-sensitive enzyme digests to completion) an amplicon will be absent. Amplicons containing the SmaI sites within the 5Ј flanking region ("S 1 ") and exon 4 ("S 3 ") of the LZM gene (Fig. 1A) , respectively, could not be (10 g) from early myeloblastic KG-1 cells, late myeloblastic HL-60 and Kasumi-1 cells, promyelocytic NB-4, monoblastic U-937 and normal peripheral blood monocytes was digested with HindIII (Hi), followed by restriction either with methylation-sensitive SmaI (S), or methylation-insensitive MspI (M) or XmaI (X) isoschizomers. DNA was size-fractionated by agarose gel electrophoresis, blotted and DNA hybridized to a human LZM cDNA probe as described in Materials and Methods. Identical results were obtained with MspI and XmaI because the CCGG sequences studied are embedded in CCCGGG sites. (C) DNA from Kasumi-1, HL-60, U-937 cells and peripheral blood monocytes was restricted first with HindIII, then with either MspI or SmaI. Following restriction, the DNA was reprecipitated and genomic PCR was performed with primers LZM1 and LZM2 to generate an amplicon of 498 bp containing the SmaI site 700 bp upstream of the transcription start site (amplicon a-a, top) and with primers LZM3 and LZM4 for a 522 bp amplicon a-b containing the SmaI site S 3 within exon 4 of the human LZM gene (bottom). PCR were performed according to standard procedures. PCR product was size-fractionated on agarose gels and bands visualized by ethidium-bromide staining of the gels. Because of the sensitivity of the PCR assay in detecting the minor fraction of methylated alleles in these myeloid cells, the band indicating incomplete digestion at S 1 was overrepresented in some experiments. generated following methylation-insensitive HindIII/MspI double digests in all DNA samples (Fig. 1C) . After double-digest with HindIII and methylation-sensitive SmaI, a faint band in Kasumi-1 cells, which is nearly absent in monocytes, indicated incomplete demethylation in Kasumi-1 cells and almost complete demethylation in monocytes, respectively, at the SmaI site S 1 . By the same assay, complete demethylation in monocytes but methylation in Kasumi-1 cells was noted at SmaI site S 3 (part of a CpG island within LZM exon 4). Similar analyses with U-937 and HL-60 cells revealed a slightly higher degree of methylation at the S 1 site whereas S 3 methylation was comparable to Kasumi-1. The 5Ј flanking region displays a CpG density at the expected, low frequency (ca. 1.5 CpGs per 100 bp), but the central exon 4 region fulfills criteria of a CpG island (5 CpGs per 100 bp; Fig. 1A, bottom) .
A DNA methyltransferase inhibitor mediates derepression of the LZM gene in Kasumi-1 cells
To determine the effect of DNA methyltransferase inhibition on CpG methylation in the LZM gene, we first compared responses to a demethylating agent in different myeloid lines with similar methylation status at CpG site S 1 . In Kasumi-1, 5-azaCdR treatment was associated with partial demethylation at the two SmaI sites located in the CpG-rich regions in intron 3 ("S 2 ") and exon 4 (S 3 ) of the LZM gene, respectively ( Fig. 2A) . This effect was not detectable at comparable levels in HL-60 and U-937 (data not shown). Regional extension of methylation analyses by bisulfite sequencing (Fig. 2B) and display of individual alleles showed that in Kasumi-1 cells the cytosine within S 1 was the only strongly demethylated site, whereas the remaining CpGs were almost completely methylated. The exonic CpG island was completely methylated (Fig. 2B, top) . However, 5-azaCdR treatment caused marked demethylation with spreading in both regions (bottom).
Among the three cell lines, LZM mRNA expression varied widely and was highest in U-937 but hardly detectable in Kasumi-1 (Fig. 2C, left) . We hypothesized that treatment with 5-azaCdR might increase LZM expression by demethylation of regulatory regions of the gene. All three cell lines were treated with 5-azaCdR at low-cytotoxic concentrations, resulting in at least 50% growth inhibition (with Ն 80% cell viability) after 6 days of treatment (data not shown). Interestingly, LZM expression was unchanged in HL-60 and U-937 but increased ϳ10-fold in Kasumi-1, with maximal levels attained between 48 and 60 h (Fig. 2C) . To ask whether this was a consequence of partial induction of myeloid differentiation, blots were rehybridized with probes for the differentiation marker genes MPO and CD34, which, however, remained unchanged upon 5-azaCdR treatment. No changes in cell morphology or surface marker expression indicative of differentiation were obtained (data not shown).
The temporal relationship between 5-azaCdR-induced demethylation and transcriptional activation in Kasumi-1 cells was examined next. Applying three pulses of 5-azaCdR every 24 h, a faint 5.0-kb band, indicating demethylation first appeared after 24 h, and became more predominant in Southern blot analysis after 72 h (Fig. 2D) . Up-regulation of LZM expression was first observed after 24 to 48 h, with the maximum at 72 h, indicating that initial demethylation of SmaI sites S 1 and S 2 at least paralleled and possibly preceded gene derepression.
Derepression of the LZM gene in AML1/ETOpositive cells can also be attained by treatment with a histone deacetylase inhibitor DNA methylation as one major mechanism of epigenetic gene control is closely linked to local chromatin modifications such as histone acetylation/deacetylation. Direct interactions of methylated DNA with regulatory proteins (e.g., methylated DNA binding proteins, MBPs), and recruitment of silencing complexes containing corepressors with histone deacetylase activity (HDACs) are mechanisms of this functional connection.
Thus, we hypothesized that inhibition of histone deacetylases might also derepress the human LZM gene. TSA at a 200-nM concentration had only limited cytotoxic effects on Kasumi-1 cells after a 3-day treatment (data not shown). The treatment resulted in an almost sevenfold up-regulation of LZM mRNA expression after 72 h (Fig. 3A) . Hybridizations with the cDNAs for the differentiation markers MPO and CD34 (data not shown) showed no effect upon their expression, indicating that LZM up-regulation by TSA was unlikely to be a sequela of differentiation. Morphologically, cells showed increased cytoplasmic vacuolization, but neither nuclear seg- mentation or other changes indicative of a differentiating effect, and no changes in surface marker expression analyzed by flow cytometry could be observed (data not shown). Treatment of U-937 and HL-60 with the same TSA concentration either did not affect LZM expression or resulted in a slight decrease in mRNA levels (data not shown). Up-regulation of LZM by TSA in Kasumi-1 was independent of DNA demethylation, as shown by an unaltered restriction pattern obtained with SmaI and HpaII (Fig. 3B) , and as confirmed by methylation-sensitive restriction/PCR (data not shown).
Because a synergistic effect of combined treatment with 5-azaCdR and TSA has been described for selected CpG-rich genes [26] , we treated Kasumi-1 cells with different concentrations and schedules of TSA and 5-azaCdR. However, for subliminal doses of TSA (data shown for 100 nM, 72 h) following different dose levels of 5-azaCdR for 72 h (data shown for 100 nM), in 24 h overlapping schedule, no synergistic effect was detectable [ Fig. 3C ]. This was also apparent when rehybridizing with a probe for the gene encoding NIMA (data not shown), which is repressed by AML1/ETO induction [27] . Also, the combination of lower DAC concentrations (25 and 50 nM, 0-72 h) with modified exposure time to TSA at different dose levels (50, 100, and 200 nM, 72-144 h) did not induce a synergistic effect (Fig. 3C and data not shown).
Local chromatin configuration changes of the LZM gene during expression
Local chromatin configuration is determined in part by the distribution, density, and methylation of CpG dinucleotides [28, 29, 53] . To address whether the distinct methylation profile noted in myeloid cells of different maturation degrees was associated with variably "active" chromatin surrounding these differently methylated regions, MspI protection assay was performed. Chromatin accessibility patterns of the MspI sites targeted were relatively similar in HL-60, U-937 (all with Ͻ20% methylation at site S 1 ) as compared by densitometric quantification and distinct to those of peripheral blood lymphocytes (PBL), KG-1 early myeloblasts, and peripheral blood granulocytes (PMN) (Fig. 4A, bottom) . Specifically, no 6.9-kb band indicative of accessibility to the nuclease at site S 1 appeared even at the highest enzyme concentrations in KG-1 cells, PBL, and PMN. In contrast, chromatin surrounding this sequence was readily accessible to the nuclease in HL-60 and U-937. In Kasumi-1 cells exhibiting a similar degree of demethylation at S 1 , chromatin accessibility was observed to a lesser degree, as displayed by faint bands at 6.9 kb. Upon treatment of Kasumi-1 cells with 5-azaCdR for 72 h, appearance of additional bands and weakening of the top band (11.3 kb) indicated an increase in MspI accessibility with increasing demethylation. Interestingly, chromatin opening was also indicated by appearance of the 5.0 kb band, which is generated by SmaI restriction of "naked" DNA from 5-azaCdR-treated Kasumi-1 cells (see Fig. 2A ). In contrast, no change in local chromatin configuration was observed in TSA-treated cells.
Since the activation state of chromatin is also altered by changes of histone acetylation following histone deacetylase inhibition, chromatin immunoprecipitation was performed on both regions showing differential DNA methylation during 5-azaCdR-induced derepression (Fig. 4B) . Treatment of Kasumi-1 cells with TSA resulted in a substantial increase in the amount of acetylated histone H4 and H3 in the 5Ј flanking region, and, to a lesser degree, within the CpG-rich region in exon 4 of the LZM gene. After 48 h, acetylation was decreased and was undetectable at 72 h for both histone fractions.
AML1/ETO-mediated repression of LZM transcription is relieved by trichostatin A
G1 arrest and apoptosis are induced upon conditional expression of AML1/ETO in U-937 cells, as shown by others [30] as well as ourselves [27] . In addition, in our system of ecdysonemediated conditional expression, LZM transcription is repressed following AML1/ETO induction [Ref. 31 and Fig. 5 ] and the 5Ј gene region containing 5 perfect AML1 binding sites (Fig. 5A) . Very recent further evidence for LZM repression through the AML1/ETO stems from microarray results obtained with siRNA-mediated AML1/ETO knock-down, which results in LZM derepression, validated by quantitative PCR [32] . As shown in Fig. 5B by Northern blot analysis, it was confirmed that in Kasumi-1 cells, LZM mRNA is derepressed following transfection of the cells with siRNAs directed against AML1/ ETO [22] . Of note, derepression was more effective after a second transfection.
AML1/ETO has been shown to recruit histone deacetylases to target genes of AML1, thereby mediating transcriptional repression via histone deacetylation [33] . We therefore asked whether inhibition of histone deacetylation by TSA would result in decreased LZM suppression. Several independent clones of stably transfected U-937 were treated for different time intervals with Ponasterone (Pon) A, a synthetic derivative of ecdysone, in the absence or presence of TSA. Treatment with PonA alone resulted in repression of LZM gene expression in several independent clones, but in wild-type U-937 cells, it did not affect LZM expression (Fig. 5C, left) . This repressive effect of AML1/ETO could be inhibited by simultaneous treatment with TSA for 48 h (Fig. 5C, right) ; densitometric quantification of LZM expression (equalized for GAPDH expression) showed that while some increase of LZM expression occurred with TSA alone, the combined treatment with PonA and TSA completely mitigated the decrease associated with AML1/ETO induction. This was not accompanied by a significant reduction in cell viability usually observed after AML1/ETO induction [31] .
DISCUSSION
Myeloid-specific expression of developmentally regulated genes by epigenetic mechanisms via promoter demethylation has been demonstrated for the myeloperoxidase (MPO) gene [5] , the c-FMS gene [6] , the SERPINB5 promoter [2] , and other genes. Similarly, chromatin remodeling during myeloid differentiation was found for the MPO gene [5] , the c-FMS gene [34] , and at the ELA2 locus [35] . The human lysozyme gene also provides an excellent model for development-specific gene methylation. Previously, we had mapped a single CpG dinucleotide discriminating between myeloid LZM expressor cells of intermediate and late maturation stages (Ͻ20% methylation) and LZM nonexpressor early myeloid and nonhematopoietic Fig. 4 . Chromatin accessibility to MspI within the 5Ј LZM gene differs in myeloid cells of different maturation and in Kasumi-1 cells is altered by 5-azaCdR but not TSA (A) For MspI accessibility assay, viable nuclei were isolated by hypotonic lysis, as described in Materials and Methods from the following cells: peripheral blood lymphocytes (PBL), KG-1 early myeloblast cells, U-937 monoblasts, HL-60, and Kasumi-1 acute myeloblast cells peripheral blood granulocytes (PMN), which were untreated or treated with 5-azaCdR (200 nM, 72 h) or TSA (200 nM, 72 h), respectively. Nuclei were incubated with increasing concentrations of MspI (50 -800 U for 30 -60 min at 37°C), as described in Materials and Methods. DNA was then extracted, digested with HindIII, and subjected to Southern blot analysis using a LZM cDNA probe. Lanes marked M indicate naked DNA from the respective cell type digested with MspI. (B) Acetylation of histones H3 and H4 within the LZM gene is increased by TSA in Kasumi-1 cells. Chromatin immunoprecipitation with antibody against acetylated histone H4 and H3 was performed with nuclei from untreated Kasumi-1 cells and cells treated for the indicated time periods with TSA (200 nM), as described in Materials and Methods. The amount of DNA bound to the acetylated histones was quantified by performing 30 cycles of genomic PCR with primers LZM 1 and LZM 2, resulting in amplicon a-a (5Ј upstream region of the LZM gene, top) or primers LZM 3 and LZM 4 (resulting in amplicon a-b, LZM exon 4, bottom). Agarose gel electrophoresis was performed, followed by visualization of bands under UV transillumination. Protein input quantification was carried out for indicated time points using Bio-Rad protein quantification kit. cells (Ͼ80% methylation) to ϳ700 bp upstream of the transcriptional start site [21] . Localization of this site (situated in a relatively CpG-poor area of the lysozyme promoter region) was now both confirmed and validated on an extended range of myeloid cells by Southern blot analysis and by methylationsensitive restriction/PCR, and by methylation analysis extended to neighboring cytosines by bisulfite sequencing. For a second CpG dinucleotide, shown in our previous study to be demethylated only in terminally differentiated normal phagocytic cells (highest LZM expression), and located within a CpG-rich region in exon 4, this was also confirmed by both techniques. This CpG island, which, similar to the MRD1, Keratin 18, ␣-1 globin, and other genes [36 -40] is part of an Alu sequence, is fully methylated in different myeloid cell lines of intermediate maturation stage.
Selective LZM gene derepression by two distinct epigenetic modifications
By low-cytotoxic concentrations of the demethylating agent 5-azaCdR, demethylation both in the 5Ј flanking region and the exonic CpG island was achieved in the Kasumi-1 cell line. Demethylation, which is considered a passive mechanism dependent on cell division [41] , could be detected already after 24-48 h. In contrast, two different myeloid cell lines, HL-60 and U-937, exhibiting a similar methylation pattern, did not show comparable demethylation upon 5-azaCdR treatment (data not shown).
Of note, Kasumi-1 cells (which by other differentiation markers are very similar to HL-60 cells) had very low LZM mRNA levels, and an at least 10-fold up-regulation of LZM mRNA by DNA methyltransferase inhibitor treatment was observed in this cell line but not in HL-60 and U-937. Differentiation markers demonstrated that this derepression of the LZM gene by demethylation was not associated with cellular differentiation. Time course experiments indicated demethylation at least concomitantly with increased mRNA expression, compatible with the assumption that up-regulation of transcription is an effect of demethylation within cis regulatory regions of the LZM gene. A recent study of the IL-2 gene activation in T-cells implies an additional, early and active enzymatic demethylation mechanism [42] . Effects of 5-azaCdR on histone methylation, which precede those on cytosine methylation by at least 48 h, have been described [43] . This activity may also be operative in our model.
Low CpG density within the LZM promoter region despite its transcriptional repression in Kasumi-1 cells suggests other repressive mechanisms. Methylcytosine-binding proteins such as MeCP2 promote chromatin condensation, leading to local and even distant (Ͼ500 bp) repression of transcription by interacting with corepressor complexes that contain histone deacetylase activity [11, 44] and, as more recently demonstrated, histone methyltransferase activity [45] . Functional interactions between methylated DNA and a repressive chromatin conformation mediated by MBD2/3 have also been eluci- dated in Drosophila [46] . Moreover, direct interactions between DNMTs and histone deacetylases were recently described [47] [48] [49] . We therefore treated Kasumi-1 cells with TSA, a powerful and specific inhibitor of HDACs. An almost sevenfold upregulation of LZM mRNA levels was observed in Kasumi-1 but not HL-60 or U-937 cells, which was less striking and delayed compared with 5-azaCdR mediated transcriptional activation. TSA treated Kasumi-1 cells did not show demethylation of DNA, indicating that DNA methylation and histone deacetylation are simultaneously and independently operative in this model, and both contribute to LZM gene regulation in Kasumi-1. Because a synergism between both repressive mechanisms has been described for other genes [26, 50 -52] , Kasumi-1 cells were sequentially treated with 5-azaCdR and TSA at various doses and schedules. However, no synergistic effects could be observed.
Complex interplay between DNA methylation and chromatin configuration within the human LZM gene locus
To further investigate the dynamic interaction between DNA methylation and chromatin remodeling, MspI protection studies were performed, revealing a contribution of chromatin closing to LZM gene repression: untreated Kasumi-1 exhibited less chromatin opening around the S 1 upstream CpG site than HL-60 and U-937 myeloid cells, whereas LZM nonexpressing KG-1 early myeloblastic cells and peripheral blood lymphocytes (both with an almost completely methylated LZM gene) did not disclose accessible chromatin at this site. In Kasumi-1 cells, chromatin accessibility to MspI increased after treatment with 5-azaCdR but not with TSA. These results are compatible with a model of regional CpG methylation, resulting in a closed chromatin configuration that is much less accessible to Msp I or other nucleases [29, 53] , by attracting MeCP2 and HDACs. In addition, inaccessible chromatin in both myeloid and nonmyeloid LZM nonexpressing cells (including normal lymphocytes) confirms that restriction of LZM expression to the myeloid lineage only at intermediate and late stages of maturation is mediated by partial demethylation and chromatin opening. An apparent exception to this model, peripheral blood granulocytes (which are completely demethylated at all CpG sites examined) also exhibit a pattern of closed chromatin. This may be attributable to the known high degree of overall chromatin condensation in these cells with low transcriptional activity [54] . Peripheral blood monocytes would probably provide a much better cell type to further test this hypothesis.
Because TSA treatment of Kasumi-1 cells changed neither local chromatin configuration (at least as assessed by Msp I protection) nor DNA methylation, chromatin immunoprecipitation of histones H3 and H4 was performed, revealing increased histone acetylation within both the 5Ј flanking region and the exonic CpG island of the LZM gene, with highest levels attained already after 24 h, that is, before the highest increase of mRNA expression. In Fig. 6 , a model of the interplay of methylation and chromatin accessibility is presented: LZM nonexpressor early myeloid KG-1 cells exhibit methylation and inaccessible chromatin of the gene locus, whereas in LZM expressing more mature myeloid cell lines Kasumi-1 and HL-60, partial demethylation and an "open" chromatin configuration within the 5Ј flanking region can be detected, which in Kasumi-1 are both enhanced by a demethylating agent.
AML1/ETO fusion protein represses the human LZM gene
Several leukemia-specific DNA-binding proteins have recently been implicated in chromatin remodeling and DNA methylation. PML/RAR-␣ recruits both HDAC activity and a DNA methyltransferase when binding to its target sequence in the RAR ␤ promoter [55] , thereby methylating and thus silencing expression of this gene. The MLL gene specifically targets unmethylated, but not methylated, CpG-rich sequences [56] . Recently, the Myc transcription factor, a mediator of cell growth and differentiation, was shown to act as a transcriptional repressor not only by interfering with transcriptional activators but also by recruiting DNA methyltransferase activity via DNMT3a [57] .
The functional link between DNA methylation and transcriptional activity of the LZM gene in AML1/ETO expressor cells differed strikingly from AML1/ETO-negative cells in our studies. Either further demethylation (leading to chromatin opening) or acetylation of histones was necessary to up-regulate the gene in Kasumi-1 and to achieve expression levels comparable to HL-60 cells (AML1/ETO-negative). We have previously hypothesized [31] that AML1/ETO has a role in LZM gene regulation in Kasumi-1 cells, as five perfect AML1 binding sites are present in the LZM 5Ј flanking region (Fig.  5A) . Indeed, we could demonstrate that LZM transcription is repressed by AML1/ETO in a U-937 cell line model with inducible expression of AML1/ETO [27, 31] . Very recently, the group of Heidenreich identified LZM as one of only 11 genes derepressed in Kasumi-1 cells by using both oligonucleotide and cDNA microarrays after AML1/ETO mRNA expression was repressed by siRNAs [32] . This constitutes further proof that the human LZM gene is a (direct or indirect) target of AML1/ ETO. AML1/ETO is responsible for the specific phenotype of this leukemia type, by targeting multiple genes, several of which are transcriptionally repressed, such as the C/EBP-␣ transcription factor [58] and the p14 cell cycle inhibitor [59] . Leukemia cells expressing AML1/ETO exhibit a distinct cell morphology, arrested differentiation, increased apoptosis, and distinct gene expression patterns [60] . These features are thus most likely determined by the ability of this DNA binding fusion protein to activate or repress (direct and indirect) target genes [30, 61, 62] . AML1/ETO is involved in both local chromatin remodeling and DNA methylation changes by recruiting histone deacetylases [33] and DNMT 1 [63] to its target genes. However, it is unclear whether it also interacts with proteins maintaining DNA methylation. Furthermore, it is not known whether the ability of AML1/ETO to bind to its specific consensus sites is modified by the DNA methylation status of its target.
Indirect evidence that AML1/ETO-dependent repression of LZM transcription is mediated at least partially by deacetylation of histones is provided by the ability of TSA to completely abolish this repression (Fig. 5C ). Four AML1 binding sites are clustered within an 800-bp region upstream of the transcription start site and neighboring a differentially methylated region. Fine-mapping of this region, for example, by promoter/reporter studies, in vivo footprinting or ChIP are necessary to further prove a direct interaction of AML1/ETO protein with this upstream region of the LZM gene. Specifically, because one AML1 consensus binding site in the 5Ј region contains a CpG dinucleotide, the methylation status of this cytosine may influence AML1/ETO binding [64] . However, more experimental evidence is needed to determine which (if any) of the 5 putative AML1 binding sites-or which combination of binding sites-is functionally involved in this repression.
In conclusion, we show that DNA methylation at distinct regions of the human LZM gene is functionally linked to its transcriptional repression, which in AML1/ETO positive Kasumi-1 is relieved by pharmacological hypomethylation and, independently, by histone deacetylation. The complex interplay between DNA methylation and local chromatin structure of this CpG-poor gene provides a model for combinations of both derepressive principles (inhibitors of DNMTs and HDACs), which warrant further preclinical and clinical investigation.
